mine the effect of a command current injection on action 4B2). In contrast, green non-MCH control neurons infected with the control AAV-CMV showed a much higher potentials, we examined the effect of long (3 s) squarewave pulses of 40 and 120 pA. Current injection caused spontaneous spike frequency ( Figures 4C1 and 4C2) , and, with current injection of similar amplitude, many of all MCH neurons to fire action potentials. MCH neurons showed significant spike frequency adaptation, with the the non-MCH cells showed relatively little spike frequency adaptation. In control neurons, interspike interlast spikes showing a greater interspike interval than the first of the series (the interspike interval increased vals increased by 2.4% Ϯ 0.8% when the early phase of current injection was compared to the late phase by 78.4% Ϯ 29.8% when the first and second halves of a series of spikes were compared; n ϭ 6; Figure 4B1) . of current injection, a nonsignificant spike frequency adaptation (n ϭ 5) ( Figures 4D1 and 4D2 ). Current injecIn addition, MCH neurons were difficult to drive to highfrequency bursts or to a large number of spikes with a tion of 120 pA did not elicit spike failure in control neurons ( Figure 4D2 ). long-lasting square pulse ( Figure 4B2 ). Spike failure was found at 120 pA current injection in MCH neurons (Figure Although a single long-lasting current injection failed to generate high frequencies of spikes, current injeca series of constant current pulses (from Ϫ80 to ϩ40 pA for 200 ms, with a 20 pA increment, at 1 s intervals) tions at short intervals were capable of driving high frequencies of spikes. All MCH neurons tested could were injected to the recorded neuron, held at resting membrane potential with 0.5 M TTX, 30 M bicuculline follow 100 Hz (600 pA for 1 ms, at interstimulus intervals of 9 ms) current injections ( Figure 4E ); these spikes were methiodide (BIC), 10 M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), and 50 M dl-2-amino-5-phosponoreversibly blocked by tetrodotoxin (TTX) (0.5 M).
To assess current-voltage relations in MCH neurons, valeric acid (AP5) in the bath; these concentrations of antagonists were used in the experiments below. The I-V curve appeared to be linear ( Figure 4F ). MCH cells showed an input resistance of 423 Ϯ 19 M⍀. We used a three-dimensional analysis to compare MCH (n ϭ 23) with control (n ϭ 23) neurons in terms of spike frequency, input resistance, and membrane potential. MCH neurons appeared to be fairly homogeneous, whereas control neurons from the same region of the hypothalamus showed considerably greater heterogeneity ( Figure 4G ).
To corroborate further that the physiological data that were recorded from MCH neurons that were identified with AAV-MCH were not altered by AAV infection, we also recorded MCH neurons from transgenic mice that we raised in which GFP expression was selectively expressed in MCH neurons. Spike frequency was very low, 0.13 Ϯ 0.1 Hz (n ϭ 12), in slices from these transgenic mice, almost identical to the 0.15 Hz spontaneous spike frequency described above in AAV-MCH-identified neurons. Similarly, input resistance, spike threshold, and spike frequency adaptation recorded in MCH-GFPtransgenic mouse slices were similar to those recorded from MCH neurons that were identified with the AAV, and no difference was found between MCH neurons identified with the two approaches. The experiments below are based on MCH neurons identified with the AAV-MCH vector.
Amino Acid Transmitter Responses
All MCH neurons tested (n ϭ 23) responded to flow pipe application of glutamate and to the agonists AMPA and N-methyl-d-aspartate (NMDA) (n ϭ 5) with membrane depolarization and a burst of spikes in the presence of glutamate, AMPA, and NMDA ( Figures 5A-5C ). In voltage clamp (Ϫ60 mV HP), robust inward currents were generated. Inward currents, 150.2 Ϯ 38.2, 324 Ϯ 98.1, and 125 Ϯ 36.2 pA, were evoked by glutamate (50 M), AMPA (30 M), and NMDA (50 M), respectively. MCH neurons also showed an excitatory response to extracellular adenosine-5Ј-triphosphate (ATP) ( Figure 5D ). Under current clamp, 10 M ATP depolarized the membrane potential of the MCH neurons by 5.9 Ϯ 2.1 mV (n ϭ 6). 5-aminomethyl-3-hydroxyisoxazole (muscimol) (30 M), a GABA-A receptor agonist, attenuated spike frequency and hyperpolarized the membrane potential by 11.6 Ϯ 4.3 mV (n ϭ 6; Figure 5E ).
Both excitatory and inhibitory synaptic activity was found in MCH neurons. Using a recording pipette with KMeSO 4 and BIC in the bath, EPSCs were identified. These were blocked by AP5 and CNQX and recovered after antagonist washout (n ϭ 6; Figure 5F ). In the presence of AP5 and CNQX, BIC-blockable inward PSCs were recorded using KCl in the pipette (n ϭ 5; Figure  5G ). MCH neurons received a robust GABA-mediated input, shown by high levels of GABA-mediated synaptic ward PSCs by 141% Ϯ 7% compared to control pre-NE Modulates GIRK Currents NE levels ( Figure 6J3 ). This effect was reversible and Voltage-ramp commands (700 ms) from Ϫ140 to Ϫ10 statistically significant (n ϭ 4; p Ͻ 0.05; ANOVA). mV were used with AP5, CNQX, and BIC. Voltage-dependent Na ϩ and Ca Figures 9C and 9D ). Hypocretin-1 (Hcrt-1) GDP␤S in the pipette blocked NPY-mediated K ϩ curdepolarized MCH neurons by 7.3 Ϯ 2.1 mV (n ϭ 4). rents (n ϭ 5).
In BIC, Hcrt-2 (1 M) reversibly increased AP5/CNQX-NPY reversibly depressed the AP5/CNQX-blockable blockable EPSC frequency by 145% Ϯ 66.3% ( Figures  EPSC frequency (Figures 8H1-8H3 ), returning to control 9E-9G). Together, these data indicate that hypocretin levels 10-15 min after washout (Figures 8H1-8H3 broad spectrum of species, as we demonstrated by usGiven the complexity of the MCH projections and reing AAV-MCH in both the rat and mouse brain and AAVceptor patterns and the different functions that have CMV in human cells. In contrast, the generation of a been postulated for MCH neurons, as well as their transtransgenic animal is limited to the species of gene intromitter response profile and presumptive inhibitory acduction. Furthermore, the virus can be frozen with relations, hypothetically, MCH neurons may be part of a tively little cost for years, whereas maintaining a transstate-dependent system that fine-tunes arousal and genic mouse colony is quite expensive. Finally, a new goal-directed behavior. This may relate to the complex neuron-selective AAV can be generated in a few weeks; interaction of the LH reward system, which is modulated generating a breeding colony of transgenic rodents by energy balance and metabolic signals (Fulton et al., takes many weeks of work over the course of several 2000). Other aspects of hypothalamic homeostatic regumonths. lation may be dependent on opposing cell types, for instance, the opposing actions of the arcuate nucleus A potential limitation of AAV is that the maximum
